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Symbols, Abbreviations and Acronyms

ACRV
ACS
AFE

A&I

Al
ALARA
ALS
ALSPE
am

AR
ARGPER
ARS
art-g

asc

ASE

AU

Ca
CELSS
CHC
CG

CL

c/o

Cof F
conj
COSPAR

02
Cryo
C3

C&T

DDT&E
DE

deg
desc

Advanced crew recovery vehicle
Attitude control system

Aerobrake Flight Experiment
Attachment and integration
Aluminum

As low as reasonably achievable
Advanced Launch System
Anomalously large solar proton event
Atomic mass (unit)

Area ratio

Argument of perigee

Atmospheric revitalization system
Artificial gravity

Ascent

Advanced space engine

Astronomical Unit (=149.6 million km)

Built-in test

Built-in test equipment

Boundary Layer Analysis Program
Blood-forming organs

Body mounted radiator

Degrees Celsius
Cryogenic/acrobrake
Compter-aided design/computer-aided manufacturing

- Cryogenic all-propulsive

Drag coefficient

Closed Environmental Life Support System
Crew health care

Center of gravity

Lift coefficient
Centimeter = 0.01 meter
Crew module

Center of mass

Check out

Cost of facilities
Conjunction

Committee on Space Research of the International Council of Scientific

Unions

Carbon dioxide

Cryogenic

Hyperbolic excess velocity squared (in km?2/s2)
Communications and Telemetry

Cargo Transport Vehicle (operates in Earth orbit)

days

Design, development, testing, and evaluation
Dose equivalent

Degrees

Descent
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Data management system
Velocity change (AV)

Earth arrival

Earth arrival

Modulus of elasticity in compression
Earth crew capture vehicle

Element control work station
Environment control and life support system
Electric propulsion

European Space Agency

Engine start opportunity

External Tank

Earth-to-orbit

Extra-vehicular activity

Circulation efficiency factor

Fire Detection and Differentiation
Life support weight factor

First element launch

Specific floor count factor
Specific floor area factor
Aerobrake integration factor
Specific length factor
Normalized spatial unit count factor
Path options factor

Useful perimeter factor

Parts count factor

Proximity convenience factor
Plan aspect ratio factor

Section aspect ratio factor

Flight support equipment

Vault factor

Safe-haven split factor

Spatial unit number factor
Volume range factor

Fiscal Year 1988 (=October 1, 1987 to September 30, 1988. Similarly for
other years)

Acceleration in Earth gravities (=acceleration/9.80665m/s2)
Gas core nuclear rocket

Galactic cosmic rays

Geosynchronous Earth Orbit

Gaseous nitrogen

Guidance, navigation, and control

Global Positioning System

Gray (SI unit of absorbed radiation energy = 10% erg/gm)

Habitation

High Density

Human Exploration Inidative (obsolete for SEI)
Heavy lift launch vehicle

Hours
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hyg w
HZE

ICRP

LEVCM
Level I

LiOH

LOR
LOX
LS

LTV
LTVQaM

[MarsGram
[MARSIN
MASE
MAV

Hygeine water

High atomic number and energy particle
Hydrogen

Water

Intermational Commission on Radiation Protection
Initial mass in low Earth orbit

Inches

Inbound

Implementation Plan and Element Description
Independant research and development

Specific impulse (=thrust/mass flow rate)

In-situ resource utilization

Japan Experiment Module (of SSF)
Johnson Space Center

klb

Thousand electron volt

Kilograms

Kilopounds (thousands of pounds. Conversion to SI units=4448 N/kIb)
Kilopound force

Kilometers

Kilometers

Kilometers per second

Kilometers per second

Kilopounds per square inch

Life cycle cost

Lift-to-drag ratio

Low density

Long duration mission

Low Earth orbit

Linear energy transfer

Lunar excursion vehicle

Lunar excursion vehicle crew module

Space Exploration Initiative project office, Johnson Space Center
Liquid hydrogen

Lithium hydroxide

Low Lunar orbit

Lunar Module

Lunar orbit rendezvous

Liquid oxygen

Lunar surface

Lunar transfer vehicle

Lunar transfer vehicle crew module

Lagrange point 2. A point behind the Moon as seen from the Earth which
has the same orbital period as the moon.

Meters

Western Union interplanetary telegram]

Martian pornography]

Mission analysis and systems engineering (same as Level I1 g.v.)
Mars ascent vehicle
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M/CpA
MCRV

pot w
PPU
prop
psi
13%

Ballistic coefficient (mass / drag coefficient times area)
Modified crew recovery vehicle
Mass of electron

Maximum expected operating pressure
Million electron volt

Mars excursion vehicle

Multi-layer insulation

Millimeter (=0.001 meter)
Monomethylhydrazine

Manned Mars vehicle

Mars orbit capture

Mars orbit insertion

Module

Materials and processes

Main propulsion system

Mixture ratio

Meters per second

Marshall Space Flight Center
Million pounds per square inch
Metric tons (thousands of kilograms)
Metric tons

Mean time between failures

Mars transfer vehicle

Megawatts electric

Cubic Meters

Newton. Kilogram-meters per second squared
Not applicable

National Aeronautics and Space Administration
National Council on Radiation Protection
Nuclear-electric propulsion

Nuclear engine for rocket vehicle application
Nuclear thermal propulsion ( same as NTR)
Nuclear safe orbit

Nuclear thermal rocket

Nitrogen tetroxide

Orbital support equipment

Optimal Trajectories by Implicit Simulation program
Outbound

Oxygen

Particle bed reactor
Chamber pressure
Polyether-ether ketone
Powered Earth gravity assist
Payload

Personnel orbital transfer vehicle
Potable water

Power processing unit
Propellant

Pounds per square inch
Photovoltaic
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SEP
SiC

UN-W/25Re

VAB
VCS
Vinf

Heat flux (Joules per square centimeter)
Radiation quality factor

Right ascension of ascending node
Reaction control system

Reynolds number

Radio frequency

Resupply mass in low Earth orbit
Return on investment

Revolutions per minute

Relative wind angle

Research and Development
Rendezvous and dock

South Atlantic Anomaly

Science Applications International Corporation

Space Exploration Initiative

Solar-electric propulsion

International system of units (metric system)

Silicon carbide

Semimajor axis

Solar day (24.6 hours for Mars)

Soalr proton events

Solid Rocket Booster

Space Station Freedom

Space Shuttle Main Engine

gpacc Transfer Concepts and Analysis for Exploration Missions
tage

Surface

Sieviert (SI unit of dose equivalent = Gy x Q)

Distance along aerobrake surface forward of the stagnation point

Distance along aerobrake surface aft of the stagnation point

Distance along aerobrake surface starboard of the stagnation point

Metric tons (1000kg)

To be determined

Chamber temperature

Thermal control system
Trans-Earth injection
Trans-Earth injection stage
Tank weight factor

Temperature and humidity control
Trans-Mars injection
Trans-Mars injection stage
Thermal protection system
Tracking, telemetry, and control
Thrust to weight ratio

Uranium nitride - Tungsten/25% Rhenium reactor fuel
Vehicle Assembly Building

Vapor coolled shield
Velocity at infinity
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WBe2C/B4C  Tungsten beryllium cabide/Boron cabide composite
WMS Waste management system

W/O Without

WP-01 Work package 1 (of SSF)

w/sq cm Watts per square centimeter (should be Wem?2)
Z Atomic number

zero g An unaccelerated frame of reference, free-fall

[order: numbers followed by greek letters]

100K <100,000 particles per cubic meter larger than 0.5 micron in diameter
n7 Where n=(0,2-6): Boeing Company jet transport model numbers

% Kelvin (K)

+e Positive charge equal to charge on electron

< Charge on electron

AV Change in velocity

S Standard deviation

Mg Microgravity ( also called zero-gravity)
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Concept Development
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EVOLUTION OF THE NUCLEAR THERMAL ROCKET (NTR) VEHICLE

TECHNICAL ARCHITECTURE PRESUMED LEVEL I REQUIREMENTS -
During the course of the STCAEM study, and particularly during the 90 Day Study, many SEI
(then HEI) transportation requirements were generated by Office of Exploration Level II. These
are reported as appropriate and necessary in various sections of this report, as well as in the
STCAEM Implemensation Plan & Element Description Document technical volumes. Here, space
only permits a summary discussion of the Levell requirements adopted by STCAEM as they
evolved during the course of the study. The concepts developed and analyzed ultimately were to
accommodate the in-space transportation functions required to support the buildup of a permanent
presence on the Moon and initial human exploration of Mars. Thus, our Level I requirement was
simply to deliver cargo reliably to the surfaces of the Moon and Mars, and to get
people to those places and back safely. Vehicles in support of missions to other
destinations are not part of SEI per se, and were not addressed by STCAEM. Planet surface
system characteristics and Earth-to-orbit (ETO) launch vehicle characteristics were adopted as
needed for manifesting purposes, largely intact from other sources. No design work was
performed for these two categories. In addition, the mission planning horizon was limited to the
year 2025, about 35 years from now. ‘

The chief Level I requircment governing the dimensions of the vehicle concepts we
developed came to us during the 90 Day Study, and was a Crew size of 4 for Mars missions.
Subsequently, STCAEM performed a simple skill mix analysis or these long-duration missions.
Our result was that doubling up on critical skills (for redundancy), given reasonable expectations
of how many skills each crew member could become expert in, requires in fact a minimum of 6-
2 crew members for Mars missions. For the sake of consistency, our vehicle concepts are
shown comparable to the 90 Day Study results, sized for four crew. Impacts accruing from
larger crew sizes are discussed in Section x.3. ‘

CONCEPT DEVELOPMENT METHODOLOGY - A vehicle concept emerges gradually
through the iterative combination of requirements analysis, subsystems analysis, mass synthesis,
performance analysis and configuration design. Because of the cascading, cause-and-effect nature
of specific technical decisions in this cyclic process, the ability for a particular concept to remain
fully parametric is incrementally lost, sacrificed for depth of detailing. The need to penetrate

D615-10026-3 15
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deeply even at the conceptual stage is twofold: (1) to uncover subtle integration interactions
whose ramifications fundamentally revise the concept as they reflect back up the information
hierarchy; and (2) to enable the production of graphical images of the concepts capable of being
communicated widely bur grounded firmly in engineering detail. If circumstances allow the
concept development process to engage many cycles of reflexive adjustment, from requirements all
the way down through subsystem detailing, the design oscillations subside eventually and the
product that emerges is a robust and defensible concept. Basic differences in problems posed and
solutions engineered lead concept developments in different directions. "Like" problems and
solutions gravitate together; their recombination and resolution results in distinct, identifiable
vehicle concepts which constitute vehicle archetypes. A concept is archetypal if it spawns concept
progeny whose ancestry is clear, and if in so doing its salient features recognizably survive
subsequent refinement, development and scaling. The ultimate purpose of the STCAEM Concepts
and Evolution tasks was to generate, analyze, evaluate and describe such vehicle archetypes, and
the role they could play in human space exploration missions.

The STCAEM architecture analysis identified seven major classes of transportation
architecture for SEI lunar and Mars missions. Some are derived from different propulsion
technology candidates; some are derived from distinct mission philosophies independent of
propulsion method; most have many sub-options. Vehicle archetypes are keyed more closely to
propulsion method than to mission mode, however, so we found that all seven SEI transportation
architectures can be accomplished by derivative combinations of just five archetypal Mars transfer
vehicle (MTV) concepts, two archetypal Mars excursion vehicle (MEV) concepts, and one
archetypal lunar transportation family (L'TF) concept. The concept evolution of these archetypes is
outlined in the Major Trades IP&ED book. ‘

DESIGN AND NECKDOWN CRITERIA - STCAEM concept development was punctuated
by four "neckdowns", which winnowed down the option candidates generated at each successive
level of detail throughout the study. The four neckdowns were intended to result in: (1) feasible
options, based on promising propulsion technologies capable of performing SEI-class missions;
(2) preferred options, representing the handful of candidates whose performance and
technological readiness were judged to warrant detailed study; (3) integrated concepts, vehicle
archetypes developed sufficiently to uncover their major integration concerns and architectural
context ; and (4) detailed concepts, based on the reconciled integration of traded subsystems.
The 90 Day Study occurred such that the first two neckdowns were effectively reversed;
cryogenically propelled, acrobraking technology was necessarily preferred at that time, due to

D615-10026-3
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depth of understanding. However, STCAEM later rounded out the picture by completing all four
neckdown activities, in an ongoing manner throughout the study.

Studying the program architecture implications of various technology options for SEI
missions led to the conclusion that the most generally accessible discriminators, cost and risk, are
driven by more subtle technical discriminators than, for instance, initial mass in low Earth orbit
(IMLEO). These can be grouped into three broad categories: feasibility, flexibility, and multi-use
design. As indicated above, feasibility was the first filter for all concepts considered by STCAEM.
Flexibility has three components: (1) robustness, which is the ability to perform nominally
despite variable or unanticipated conditions; (2) resiliency, which is the ability to recover from
accidental delays or mishaps; and (3) evolurion, which is an adaptation over time to changing
requirements. Flexibility is thus a measure of a program's technical strength and safety in the face
of variable extrinsic factors. Multi-use design has two components: (1) re-usabiliry, which
means using the same hardware item more than once; and (2) commonality, which means using
the same hardware design in more than one setting. Multi-use design is thus a measure of a
program's cost-effectiveness and intrinsic longevity. These two key architecture drivers were
paramount in interpreting the results of STCAEM's technical trade studies, and figured
prominently in the development of element concepts.

MARS TRANSPORTATION - Four Mars transfer propulsion candidates survived all
STCAEM neckdowns: cryogenic chemical, nuclear thermal, nuclear electric, and solar electric.
Analysis of aerobraking resulted in two performance ranges of interest for Mars entry (hypersonic
L/D =0.5, and L/D = 1.0), as well as the use of high-energy aerobraking (HEAB) for capture at
Mars. Consequently, the five archetypal MTV concepts are based respectively on:
cryogenic/aerobraking (CAB), cryogenic all-propulsive (CAP), nuclear thermal rocket (NTR),
nuclear electric (NEP), and solar electric (SEP) propulsion technologies. The two archetypal MEV
concepts are based on the "low" and "high" L/D performance ranges analyzed.

NTIR - Nuclear thermal propulsion had a long, successful development history in support of post-
Apollo human space exploration , and still occupies a uniquely validated position as a candidate for
advanced propulsion for SEI Mars missions. Consequently it was the first advanced propulsion
option investigated in depth as a consequence of the 90 Day Study. Much of the NTR technology
discussion centers on sophistication, ranging from resurrections of the original NERVA design,
through upgrading that with modern materials, through new particle-bed designs with enhanced
Isp to liquid-core and gas-core rockets. However, this wide range of alternatives is satisfied by

D615-10026-3
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one NTR archetype; to first order, only the amount of liquid hydrogen propellant varies among
them. The overall vehicle configuration, requirement for shadow shielding of the payload from
neutron scattering, long-term storage of LH>, and solutions for providing artificial gravity, all
remain constant. The NTR archetype has existed since the NERVA days; our work has validated it
and provided analysis of four particular enhancements: (1) the use of a fruss spine instead of a
large, structural, axial tank to reduce inert mass; (2) the configuration detailing associated with
providing dual engines for engine-out reliability; (3) using a single NTR vehicle to deliver multiple
landers to Mars; and (4) truss-spine elongation and careful positioning of large drop-tanks around
the mass center to accommodate artificial gravity during all coast phases via end-over-end
spinning.

ARTIFICIAL GRAVITY (NTR) - The need for artificial gravity on long-duration
interplanetary transfers has not been established. Neither has the lack of such a need, however, so
STCAEM was obligated to examine the penalties incurred by requiring continuous artificial gravity
en route between Earth and Mars. Various approaches to rotating artificial gravity have been
proposed; STCAEM assessed all of them, and invented some new ones. The fundamental design
problems associated with artificial gravity derive from: (1) the need for a countermass for rotation;
and (2) the high mass cost of precessing the angular momentum vector of a system having large
rotational energy. Elegant solutions to both are elusive, and vary widely with propulsion option.
Secondary complications are communications and navigation pointing, flight structures sized to
hang heavy vehicles, and possibly material fatigue. The fundamental operations problems
associated with artificial gravity involve crew EVAs during rotation, robotic maintenance in the
vehicle's gravity field, crew physiological and psychological responses to a rotating environment,
performing minor course-correction propulsive maneuvers and testing the capability prior to
departure. Our work has verified that artificial gravity appears feasible for Mars-class missions,
for all propulsion options, at fairly modest mass penalties.

The CAP and NTR archetypes accommodate artificial gravity easily. Both are high-thrust
systems, so their burn times are extremely short (minutes to hours) compared to coasting transfer
time (months). Critical propulsion maneuvers can occur during nonrotating periods of
microgravity, at the cost only of spinup/spindown propellant. In general, the propulsion system
remaining through the end of the mission can serve as countermass to the contiguously connected
habitation systems. When separated by a lightweight truss, they can just spin end-over-end during
coast phases to provide sufficient gravity at a comfortable spin rate with acceptable vestibular
disturbance (we baselined 1 g to insure full conditioning for surface activity upon arrival at Mars,
and 4 rpm maximum spin rate, which together lead to a 56 m separation between the habitat
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and the center of mass). The additional mass of the truss and propellant for a few budgeted
spinup/spindown cycles is of order 10 % of IMLEO.

D615-10026-3 19
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Low-L/D Mars Excursion Vehicle (MEV) - The MEV archetype development began during, and
was resolved just following, the NASA 90 Day Study. It was originally conceived as a means of
delivering 25t of undefined payload to the surface of Mars. However, the specification of crew
cab provisions, the analysis of vehicle mass balance, and consequently the configuration design of
the vehicle all depend on specifics of the payload manifest. We assumed a 20 t reference surface
module as an integral part of the MEV. This led to a "Mars campsite” design intended to support a
crew of four for 30 - 60 d and became or standard lander design. Chief departures from the
lunar campsite mode of operation were:

1 The MEV arrives with the crew already onboard, and so is capable of a really self-
contained mission.

2) The MEYV also brings with it an ascent vehicle (MAV) with a separate propulsion system,
configured optimally for the ascent phase (or ascent after breakaway from the descent stage during
a descent abort). The crew cab for the MAYV is the operations bridge for the MEYV during all its
mission phases.

3) The MEYV is configured for packaging within an L/D =0.5 aerobrake. For CAB
missions, this brake captures the as-yet unmanned MEV into Mars orbit autonomously, before
rendezvous with the MTV, and is used again for the descent. For CAP and other types of
missions with propulsive Mars orbit capture, this brake is used only for descent. In all design
cases, terminal descent engines are extended through ports in the windward surface of the brake at
low Mach number, and the brake is jettisoned subsequently, prior to touchdown.

The MEV configuration was developed to permit later removal and relocation of the surface
habitat module, with the aid of surface construction equipment. A variant of the MEV, without
either surface module or MAV, was analyzed for delivery of heavy cargo on unmanned missions.
A quick assessment was made of the feasibility of re-using an MEV, presuming in situ production
of oxygen and retention of the aerobrake untl touchdown. The outcome was positive, although:
(1) additional brake hatches appeared necessary for landing gear deployment, crew egress, and
cargo offloading; and (2) a lightweight top-shroud appeared advisable due to aerodynamic drag on
ascent, and to permit the crew bridge to protrude beyond the presumed wake-protection limit for
direct surface viewing during terminal approach. Configuration options for a "split-stage” MEV,

D615-10026-3
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in which the same, or a portion of the same, propulsion system is used for ascent as for terminal
descent, were also investigated, and shown to be simple variations of the archetype.

Our baseline acrobrake assembly concept presumed robotic-mediated final assembly of pre-
finished, rigid acrobrake segments at Freedom. Packaging such segments efficiently by nesting
them in an ETO launch shroud is made challenging because of: (1) the acrobrake's asymmetrical,
deep-bowl shape, in which the maximum depth of a typical “slice” is comparable to reasonable
shroud diameters; and (2) the aerobrake's lip, required for both aerodynamic performance and
structural stiffening around the free brake edge. Subsequent manifesting analysis, in which
segments were configured according to an initial rib-and-spar structure concept, indicated that two
ETO flights would be required to launch a single aerobrake in several pieces. Such extremely
volume-limited and volume-inefficient manifesting is an unacceptably poor use of the expensively
developed capability that a heavy-lift ETO system represents.

In response to this manifesting problem, STCAEM proposed the "integral launch" concept,
in which a fully assembled, integrated acrobrake is launched externally, mounted on the side of the
launch vehicle exactly analogous to current STS operations. The low-L/D brake is comparable to
the STS orbiter in lincar dimensions, and is light enough to launch two at once, with capacity to
spare for other, shrouded payload as well. Ascent performance of such a flight configuration
requires study; the critical question is whether ascent loads would size the acrobrake structure out
of the competitive mass range for the mission itself.

Our structural analysis indicates that since the deep bowl-shaped aerobrake loads like a
doubly-curved shell, it may be possible to construct an actual "acroshell” without resorting to ribs
and spars or some other articulated skeletal structure system. The shell would be made of a
relatively thin honeycomb-type material system with integral TPS. However, lip buckling would
still require a stiff rim, probably facilitated by a closed-tube-section structure. Such a brake may be
lighter, and certainly simpler, but the thickened rim would still cause packaging problems due to
nesting interference.

D615-10026-3
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High-L/D Reusable Mars Excursion Vehicle (RMEV) - The RMEYV archetype development
occurred in response to three drivers:

(1)  Analysis so far indicates that L/D =0.5 is sufficient at Mars for controlling an aero-
vehicle at Mars. However, the existence of some mission design studies in the literature which
advocate L/D > 1.5 for Mars, combined with our preliminary understanding of controllability
under Mars conditions, make it important to know in detail how different the configuraton
constraints imposed by higher L/D would be from those imposed by the lower L/D (which by
1989 had come to be regarded generally as appropriate).

2) As the 90 Day Study stimulated thinking about what the purpose of SEI Mars surface
missions should be, concern developed that global, or at least wide, access to the surface of Mars
was potentially important. High-thrust Mars transfer propulsion systems (chemical or NTR) tend
to be mass-constrained by arrival and departure vector geometry to certain parking orbit conditions.
Although there is no lack of interesting (scientifically important) landing sites accessible from the
periapsis of any orbit at Mars, the fact that performance-optimized parking orbits are unique for
each high-thrust opportunity causes a site-access problem if returning to the same surface site is
required (for base buildup). Thus for high-thrust transfer propulsion optons particularly, an
ability to achieve cross-range on lander entry may be important. High L/D enables greater Cross-
range capability.

3) Certain Mars lander issues not imposed as requirements during the 90 Day Study required
analysis and design validation. Developing a new MEV concept, substantially different from the
baseline MEV, allowed us to investigate those issues simultaneously and thoroughly. Specifically,
we addressed: (1) a deep aerobrake structure concept, of interest for maximum structural
efficiency and therefore reduced brake mass; (2) the ability to deliver large-envelope cargo
manifests, represented in our design by a long-duration surface habitat module sized for 10 crew;
and (3) re-usability of the MEV, based on in situ production of cryogenic propellant.

The vehicle shape represented by the RMEYV has applications for other interesting mission
modes, concepts for which have yetto be investigated in detail. Three examples are: (1) a smaller
RMEYV, sized commensurately with the MEV to be a modest cargo-delivery vehicle; (2) a direct-
landing MTV, whose return propellant would be manufactured in situ on Mars; and (3) re-usable
aerobraked "taxi" vehicles capable of performing the Earth-Mars cycler embark/debark function.

D615-10026-3 23
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Nuclear Thermal Rocket (NTR)

Introduction

The reference Mars mission trajectory has a AV requirement of 14.6km/s. With chemical
propulsion having a Specific Impulse of 475 seconds, the ideal mass ratio for the mission
is given by the rocket equation:

myiymyf) = e(AV/8l(sp)) , in this case ¢ (14600/9.8x475) = 23 therefore:
m(i)im(f) = 23:1

The start mass, and hence launch cost, savings from reducing the mass ratio can be very
large. This is the motivation for considering 'Advanced Propulsion', i.e. propulsion with a
higher Specific Impulse than chemical propulsion. Nuclear thermal, nuclear electric, and
:l?ll:r electric are considered in this study, with nuclear thermal considered specifically in

is volume.

Nuclear thermal propulsion heats a propellant (usually hydrogen) in thermal contact with
the hot core of a reactor. The propellant is heated to about the same temperature as the gas
in a chemical rocket (2500-3000K). The much lower molecular weight of hydrogen (2)ina
nuclear rocket as compared to water (18) in a chemical rocket leads to a higher exhaust gas
velocity, and thus a higher specific impulse (800-1200s vs 450-500s).

Against the much higher propulsion efficiency of nuclear thermal as compared to chemical
propulsion, several drawbacks must be considered. Nuclear reactors generate radiation
which must be shielded against, especially if it is a manned mission. The engines generally
have a lower thrust per unit engine mass. Hydrogen is both extremely cold in liquid form
and has a very low density. These require relatively heavy tanks to store it and it is subject
to boiloff.

This volume documents analysis and synthesis data developed with respect to nuclear
thermal propulsion for a Mars mission. It will be using the same "high-thrust" mission
trajectaries as the Cryo/Aerobrake vehicle with additional 'fast- trip' trajectories that are
now being worked.
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Nuclear Thermal Rocket Vehicle
Reference Configuration

Introduction

The nuclear thermal rocket (NTR) concept offers advantages of higher Isp than
cryogenic concepts, fully propulsive capture at Mars and Earth to avoid high energy
aerobraking, and the potential for recovery and re-use of the expensive transfer habitation
system. NTR represents a proven technology; early versions were extensively tested in the
1960s and early 1970s.

Nominal Mission Outline

» The vehicle is assembled, checked out, and boarded in LEO

« The TMI burn occurs, and two empty LH7 tanks are jettisoned (opposition case)

» The MTV coasts to Mars

« MOI burns capture the MTV into Mars orbit

» Two LHj tanks are jettisoned

« The MEYV is checked out, separates from the MTV and descends

» The MEV aerobrake is jettisoned prior to final approach

« The MEV touches down, and surface operations ensue

» The MAYV ascends for rendezvous with the MTV, leaving the descent stage, surface

habitat and science equipment

« The MAYV is jettisoned in Mars orbit after crew ransfer

o The TEI burn occurs, and the MTV coasts back to Earth

« In expendable scenario, crew return is accomplished with modified ACRV (MCRY),
MTYV is jettisoned at Earth

In re-usable scenario, MTV captures propulsively into high parking orbit (500 km by
24 hr) for 30d cool-down period

« Crew returns to SSF using LEV-class taxi

« Post-cooldown, MTV is refurbished in SSF orbit

Vehicle Systems

W
The crew portion of the vehicle consists of a transfer habitat (common with other
concepts), deployable PV power plant, and an MEV (common with other concepts). All
habitable volumes are contiguously connected, and located at the opposite end of the
vehicle from the reactors. The ends of the vehicle are separated by a lightweight truss

spine.

The reactor/engine is a technology-upgrade from the NER VA reactor of the 1970s.
A composite shadow shield limits both direct and secondary-particle-scattered dosage to the
crew and sensitive electronics. LH3 propellant is used. Four cryogenic storage drop-tanks
are located on the truss. Another, in-line propellant tank is for TEI and EOI; remaining full
for most of the mission enables it to provide extra radiation protection to the crew systems.
All propellant from the drop-tanks is flowed through the in-line tank, so that its supply
remains relatively un-irrac® ! throughout the mission.
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Earth Departure
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NTR Alternate Vehicle Configurations

The Nuclear Thermal Rocket is not a new idea, as it stated elsewhere in this text it has a
history of hardware and ground tests. Although a flight ready vehicle was never produced,
it was designed, giving us a starting point for our evaluations. In modernizing the designs
the structure of the vehicle, particularly the truss and tank systems were adapted to the
.available or proposed ETO vehicle shroud size and throw-weight. In addition the
alternative of incorporating the tanks as part of the structure of the vehicle was traded. In
this version of the vehicle the tanks were not expendable (no lightening of load for burn
maneuvers subsequent to TMI) and the mass penalty incurred in strengthening the tanks to
take the load did not seem to make this an attractive option. One other factor was
incorporated in the design consideration at this point. That was the results of the SAIC
radiation studies evaluating the shield size needed and the view factor of the reactor. This
resulted in reshaping the reactor side portion of the fuel tanks.
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Reference Matrix to Alternative Architectures

In considering a complex task, it is useful to organize it into a heirarchy of levels. The
higher levels are more important or more encompassings, while the lower levels include
more detail or are more specific. Constraints (e.g.. requirements and schedules) flow
down from the higher levels and solutions or implementations build up from the lower
levels. The first figure shows a heirarchy of six levels from national goals to performing
subsystems. The following section discusses the fourth level, exploration architectures. in
terms of the lower levels: element concepts and performing subsystems. Selection of
preferred architectures will require the Government (the National Space Council, the
President, and the Congress) to first define the top three levels.

Implementation Architectures

Seven architectures have been selected for examination: four different propulsion types
(Cryogenic/Aerobrake, NEP, SEP, and NTR); two variations of In-Situ Resource
Utlization (ISRU) for propellants with Cryogenic/Aerobrake propulsion (Lagrange point 2
refueling and Mars surface refueling); and a cycling spacecraft concept. Three basic levels
of program scope are identified: small, moderate, and ambitious.

Multiple options can be generated within the basic architectures, varying launch vehicle
capacity, orbital node type, and mission profile and propulsion type for the various Lunar
and Mars vehicles.

Acrobraking is found to be applicable to all seven architectures, placing it as a 'critical’
technology. Electric propulsion leads to the lowest reference vehicle mass, and also almost
the lowest resupply mass. ISRU/Cryo leads to the lowest estimated resupply mass since
most of the propellant is derived locally rather than coming from Earth. ‘

Cost Models

Cost estimation is being performed using "parametric” methods. This technique uses a
parameter, usually weight, as an input to empirically derived equations that relate the
parameter to cost. It should be recognized that the source data for the cost models is past
program experience, while the hardware being estimated will be built one or two decades
from now. Therefore these cost estimates should be assumed to have a standard deviation
on the order of +-100%. Hardware at technology readiness level 5 may be assumed to
have a standard deviaton in cost estimate of +-30%. No revenues from sale of products,
services, or rights (i.e. patent rights, data rights), or commercial investment, are assumed
in the cost estimates. These might appear in a scenario such as the Energy Enterprise.

Aa an example, the cost estimate for a NEP architecture shows an average annual funding
level of $8 billion per year after initial ramp-up.

The principal cost drivers identified include number of development projects, reuseability,
mass in Earth orbit, and mission/operational flexibility.

Analysis Methods

Individual trade studies are performed within each architecture to optimize it against
evaluadon criteria. The principal evaluation criteria to date has been inidal mass in low
Earth orbit, as a proxy for cost. The resuits of this optimizaton will then be compared to
each other in groups. The early Mars group will compare all-propulsive, aerobraking,
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direct ravel, and nuclear thermal among themselves. The electric propulsion group will
compare SEP and NEP. The innovative group will compare Lunar oxygen to cycler orbits.
These concepts may both be retained if it is advantageous to do so. Finally, the choice
between early Mars and Late/Evolving Mars will need to be made on the basis of cost. risk,
and performance, while combining the best features from each group.
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11. Requirements, Guidelines and Assumptions
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Reference and Alternate Missions

Note: Contains material formerly in Mission Analysis
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NTR- Mission Analysis

The trajectories used in the NTR mission profiles are the same ones as used by the Cryo/
Aerobrake vehicle, with the exception of additional"fast- trip" time conjunction mission
profiles which would require the Cryo/Aerobrake IMLEO to an unreasonable level

(2 900 t) These "fast- trips" are in process of being generated and examined. These resuits
will be given in the final version of this document.

The first chart and its accompanying text show an early version of the mission profile for a
2016 mission to Mars, which was the NASA derived baseline mission . The next two
charts and text show the current mission profile, which is the Boeing generated profile in
the same time frame as the NASA (Level II reference) profile. The changes between the
two were addition of a third departure burn from Earth orbit to lower gravity losses, and a
lower plane change delta V requirement with a slight change of departure and arrival dates
at Earth and Mars. In addition trajectories for both conjunction and opposition missions in
dates ranging from 2010 to 2025 were found and analyzed. They and their consequences,
in terms of launch criteria from Earth, and arrival and orbit conditions at Mars, are given in
the next three charts.

The next set of charts considers the trajectory effects of a low-pressure NTR, which has
been considered in some of the architectures as a possible advanced vehicle. It has been
hypothesized that at low pressures, hydrogen recombination from monatomic to diatomic
will release energy in the nozzle and boost specific impulse significantly. The low
operating pressure, however, forces low thrust, which in turn increases finite-burn gravity
losses. The gravity loss for a three-burn departure at 1250s Isp is calculated at 311 m/s.

Another chart shows the altitude vs time relationship for the three burn departure, with the
radiation belts indicated to show the duration the vehicle stays in the various radiation
concentrations of the belts during the Earth escape maneuver.

The mission velocity required varies significantly with the mission start year (reference the
previous trajectory information), since Mars has an orbit with high eccentricity compared to
other planets. The propellant required varies in the NTR case over about a factor of two, as
shown on the next chart in this section. The final series of charts gives parametric start
mass curves as a function of the delta Vs of the various propulsive burns.
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Nuclear Thermal Rocket (NTR) - System Requirements

During the coarse of the Space Transfer Concepts and Analysis for Exploration Missions
contract (STCAEM), Boeing's Advanced Civil Space Systems group (ACSS) has
conducted regular review meetings in order to define and derive requirements, conditions
and assumptions for systems currently being developed.

As system definition and development progresses, technical experts provide documentation
and rationale for requirements that have been derived. This real-time capturing prevents
requirements and their associated rationale from slipping through the cracks. For example,
a vehicle configurator may see the need for providing a minimum passage dimension for
vehicle egress or ingress. This requirement would then be captured at an early
development stage and would provide a history for the decision. This seemingly simple
requirement may have large impacts on the design down the road and its traceability is

important.

Derived requirements and rationale are later transfered to the Madison Research
Corporation (MRC) where they are then entered into the system data base which has been
developed for ACSS using ACIUS's 4th Dimension® software. The data base allows for
easy access and traceability of requirements.

The charts that are contained within this document represent two collated copies of principal
requirements and assurnptions for February 2, and May 30, 1990. The systems defined
include: (1) the Mars Transfer Vehicle (MTV), (2) Mars Excursion Vehicie (MEV), (3)
Trans-Mars Injection Stage (TMIS), and the Earth Crew Capture Vehicle (ECCV). Each
system is then broken down into subsystem headings of: (1) design integration, (2)
guidance, navigation and control (GN&C), (3) electrical power, (4) man systems, (5)
structure and mechanisms, (6) propulsion, (7) ECLSS, (8) and command and data
handling (C&DH). The initials of each of the technical experts responsible for developing
the supporting rationale for each of the requirements is indicated parenthetically next to each

entry.

Although the majority of the derived requirements listed are directly applicable to all
vehicles such as those powered by Nuclear Electric propulsion (NEP), N uclear Thermal
Rockets (NTR), Solar Electric propulsion (SEP) and reference Cryo, there are some that
are not. Those requirements that are only directly applicable to a specific vehicle type are
indicated within the entry. The italicized entries indicate a modification to an original
requirement prior to the second revision of May 30, 1990.

Defining and re-examination of derived requirements will continue through the current
contract.

PREGEDING PA(.: o A0 NOT FILMBD
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Derived Requirements
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NTR Operating Modes and Options

The following charts show the top-level operational sequence of events for the complete
NTR mission profile. Options occur at the point of assembly (on or off Space Station for
initial buildup, assembly and checkout operation from a Nuclear Safe Orbit (NSO)),
outbound and inbound Venus swingbys, coast corrections and reconfiguring, and
capturing the entire MTV on Earth return or an ECCYV recovery only.

The NTR, in the baseline, will operate out of the LEO node co-orbiting with Space Station.
It will not, generally, be necessary to operate from a NSO, as the NTR, even after the
entire Mars flight ,will build up only about 250 grams of fission products. This will allow
it to operate within 20 km of the Space Station from a radiological point of view. We are
estimating the collision avoidance distance imposed by the structures to be 150 km, well
beyond the NTR's radiation concerns. Having the NTR operate from the NSO will permit
access to it from the Space Station at the rate of once a year when the orbits align. This will
unduly restrict operations for no appreciable benefit .

The NTR will leave from orbit by doing one to three TMI burns to escape, whatever is
dictated by the need to attain the Declination Launch Asymptote (DLA) required for Mars
Transfer. The expendable drop tanks will be jettisoned as they become empty to reduce the
mass, and therefore the inertia that must be changed with succeeding delta Vs that must be

performed.

The on-line self-check capability of the systems and subsystems will be used throughout
the mission to monitor the vehicle health and indicate preventative maintenance. Due to the
length of the mission (1-3 years) the vehicle must be self sufficient and capable of
maintenance and repair with a limited crew (4-7 people). The length of mission time and the
distance will impose limits on the communications and control of the vehicle that can be
done by ground operations; the crew are on their own resources.

The NTR is an all propulsive vehicle and requires no aerobraking to slow it for Mars Orbit
Capture (MOC). It will use the Mars Excursion Vehicle (MEV) for aeroentry to the surface
once the MTV has been parked in orbit. The lander will operate like the lander for the
Cryo/Acrobrake mission; that is, after final site selection, it will aerobrake into the
atmosphere until the brake is no longer useful , jettison the brake and land on the descent
thrusters like Apollo. The MEV will have descent abort capability with the ascent section in
the event of an emergency to obtain orbit and be picked up by the MTV. of the lander

Once on the surface, the MEV establishes contact with both the automated MTYV and Earth,,
then proceeds to carry out the surface mission. When the surface mission is complete, the
ascent section liftoff leaving the descent section of the lander and surface habitat behind.
The ascent section attains orbit and docks with the MTV, the crew transfers with the return
samples and all extraneous mass is jettisoned prior to the Trans-Earth -Injecdion Bum.

The inbound return transit proceeds like the outbound leg, with options in Venus swingby ,
coast maneuvers and transit flight configuration. On Earth return, the baseline option is to
have the NTR capture into a 500 km by 20 km, 28.5 * elliptical orbit . From there the crew
and samples will be transfered to the Space Station by an LTV (Lunar Transfer Vehicle ).
After 30 to 60 days the NTR will return to a Space Station co-orbit for refurbishment .

As an option the crew and samples may return by an ECCV direct to Earth with the MTV
continuing on to a heliocentric orbit from which it is not recovered.
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IV. System Description of the Vehicle
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System Description

Part Descriptions

Nuclear Thermal Rocket (NTR) Evolution. The nuclear thermal rocket underwent
considerable development and testing from 1955 to 1973. The Nuclear Engine for Rocket
Vehicle Applications (NERVA) was developed to the point of detail drawings, which can
serve as a starting point for a new NTR program. The alternatives include building the
NERVA as designed, incorporating new materials into the design to operate at higher
temperatures, or designing a new NTR engine. The additional cost of the latter choices
must be compared to the cost savings from increased performance.

In addition to raising temperature, lowering engine operating pressure is expected to raise
specific impulse, although the degree of improvement is in question. The improvement
comes in two ways: using higher expansion ratios for the nozzle, and recombination of
dissociated hydrogen. The particle bed engine concept uses small encapsulated fuel
particles in the core. The large surface area of the particles leads to a high heat transfer rate,

and thus to a high thrust-to-weight ratio.

NTR Sensitivities. The NTR sensitivity of Earth departure mass to specific impulse is
in the range of 1.5 to 2.0 to 1. Increasing thrust-to-weight from 5 to 10 yields a 4%
reduction in Earth departure mass, while a further increase from 10 to 40 yields another 3%

reduction in departure mass.

NTR Performance. The next chart shows expected dissociation of hydrogen as a
function of temperature and pressure. Dissociated hydrogen is advantageous in an NTR
for two reasons. First, the average molecular weight of the propellant is lowered from 2
towards 1; and, second, the energy of recombination may help maintain gas temperature in
the nozzle during expansion. Both factors contribute to higher gas velocity, and thus
higher specific impulse. The following chart shows specific impulse as a function of
chamber temperature and chamber pressure from two references. This dissociated may
occur in the low pressure NTR, how much is to be determined

The following chart provides data on fuel temperature limits for different fuel compositions
and endurance as a function of temperature for different types of fuel.

NTR Shielding. Shielding must be provided not only from direct radiation and particle
emission from the reactor core, but also from secondary radiation. Secondary radiation is
caused by the reactor bombarding parts of the NTR engine, such as the nozzle, which in
turn become neutron activated or cascade generate additional particles. Thus the shield
must be sized to cover all engine components on the reactor side from viewing by any of
the spacecraft parts on the shielded side. Two charts show the configuration implications
of this requirement.

Structural Trade. Consideration was given to combining the use of the propellant tanks
as structural elements. It turns out that the tanks, if designed for one atmosphere internal
pressure, are designed for a tensile load of 2 million pounds. This is far in excess of the
NTR engine thrust, so keeping the tanks as structure imposes a mass penalty. The
preferred alternative is to drop tanks and use a truss type structure.

Relative Development Effort Comparison. Estimates of the development effort for

each propulsion element in a total Lunar/Mars program were made for various
combinations of propulsion. The nuclear thermal rocket yielded the lowest effort estimate
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on a relative scale. This is only a gross comparison, not considering the differing cost of

propulsion developments.
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NTR Configuration
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Weight Statements

Summary and detailed weight estimates are provided for the Nuclear thermal rocket vehicle
for the 2016 opposition mission opportunity. Assumptions made in the weight estimates
include:

» Crew size of 4

« No Earth capture crew return vehicle

« Mission duration of 434 days.

« Improved technology (post-1990) for component weights (see technology
section). The reference mass for this mission case is 800 tons in low Earth orbit.
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*

Nuclear Thermal Rocket Vehicle
Artificial Gravity Configuration

The NTR artificial gravity configuration spins nominally at 3.98 rpm outbound (56.5 m to
create 1g) and 3.83 rpm inbound (61 m to create 1g). The truss used is similar to the Og
configuration but optimized for a gravity field, thus increasing mass. The spin radius of
the vehicle does not change very much because the Earth departure and Mars arrival tanks
are placed on the vehicle CM. The vehicle has nominally 4 spin-up/spin-down cycles and
used the Earth arrival propellant and reactor as countermass.

The NTR configuration is probably the least affected by artificial gravity of any of the
reference vehicles. The main changes to the vehicle are a longer, heavier truss to facilitate
gravity, and added RCS and TMI/TEI propellant. Other complications of artificial gravity
are the spin-up/spin-down cycles and the "despun joints” required for power and
communicaton.
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Artificial Gravity Options/ Alternatives

An investigation was made of using an artificial gravity NERVA-type NTR vehicle on a
low energy 2025 conjunction mission to carry two and three "mini-landers” ( small
MEV's). These would be used for short duration manned surface missions with some
cargo capability at more than one landing site or as rescue backups for a damaged lander.
They were traded for IMLEO varying crew size with Isp and IMLEO to cargo weight as
well as the level of the gravity conditions in transit. Shown are the configurations and
weight statements developed for the two and three lander artificial gravity vehicles for a
2005 conjunction mission with 0.3 Earth gravity ( Mars gravity level).
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Support Systems for the Mars Nuclear Thermal Rocket Vehicle.

The support systems necessary for the Mars Nuclear Thermal Rocket Vehicle are very
similar in nature to those of the Mars Cryo/Aerobrake Transfer Vehicle. The discussion
provided for the latter vehicle also applies generally for the NTR; however, detailed
analysis for the specific systems needed to support the NTR have not been completed. It
is currently assumed that this study will mainly consist of only deltas from the
Cryo/Aerobrake Vehicle. Some manifesting work has been done for the major components
of the NTR (as given on the following pages) using two different HLLYV scenarios (each
assumes the integrated aerobrake "Ninja Turtle" launch concept): '

1) 10 meter x 30 meter shroud, 140 metric ton payload capacity

2) Mixed fleet consisting of:
a) 7.6 meter x 30 meter shroud, 120 metric ton payload capacity; and,

b) 10 meter x 30 meter shroud, 84 metric ton payload capacity

The total number of assembly missions for Scenario One is 7, while Scenario Two requires
9 flights. For the mixed fleet option, only the first and possibly last two assembly
missions utilize the 120 mt payload carrier. This is due to NTR launch packages being
limited as much by volume as by mass. Scenario One and Two also differ in that the first
assumed that the MTV habitat should come up early (to assist in man-tended assembly
operations) while the second delayed the MTYV habitat until Mission Two (for use in ground
test and verification).

Due to the mass of LH2 propellant required for the NTR trans-Mars injection, these tanks
could only be partially full at ETO launch. The payload mass limitation of the Scenario One
HLLV resulted in 26.6 mt of offloaded propellant which was carried to orbit on Mission
Seven (this assembly flight may use a smaller ETO vehicle depending on tanker design).
The Scenario Two (B) HLLV required a propellant offload of 152.1 mt. This offloaded
propellant was carried up on Missions Eight and Nine and may be accommodated by either
the (A) or (B) HLLV. These manifests assumed an Earth-based cryo tanker for "topping
off" the NTR tanks; however, an on-orbit cryo depot is another option which is currently

being studied.

The manifests given within have not yet been based on detailed ground processing and on-
orbit assembly analyses. The philosophies and facilities chosen for ground operations (test
and verification plans, payload processing, integrated assembly & checkout facilities, etc.)
and assembly operations (Assembly Node location and capabilities, robotic and man-tended
provisions, etc.) will obviously mature this manifesting.

Both the NTR and the Nuclear Electric Propulsion (NEP) vehicles have the added
constraint of nuclear safe orbit considerations.. The nuclear safe orbit (NSO) has been
customarily set at 800 km for 300 year life. The trade of whether to assemble the NTR at
NSO or to build it at a lower orbit has not been completed; however, access to SSF,
minimal assembly AV requirements, and natural radiation protection afforded by Low Earth
Orbit assembly indicate this to be a favorable choice. For NTR, the amount of fission
products produced even after a full Mars mission is about 250 grams; "cool” enough to do
operations in as little as 20 km from the Space Station. This is closer than the debris
environment constraints of 150 km from the Space Station.
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Technology Issues - NTR

Introduction

Technology issues relating to the NTR vehicle are presented in this section. Some
of the charts are also included in the Cryo, NEP, and SEP IP&ED documents. The focus
of this section will be to bring out those issues important to the NTR from these charts, and
to present a series of technology level requirements necessary for the reference NTR
vehicle.The most important technology development needs for NTR are in the areas of
nuclear thermal engine development and testing, and low heat leak, minimum mass LH2

tankage.
Technology commonality Issues

The following nine charts lay out the important technology commonality issues
between the major propulsion options as well as across the seven major mission
architectures identified in this study. The NTR vehicle exhibits commonality to the other
vehicles in several important areas. The transfer crew module is substantially the same as
the other options. The MEV is identical across all vehicle options, except for the cryogenic
propellant management and storage system, which must provide storage for the outbound
trip, instead of transferring it from larger tanks prior to landing (at least for O2). The LH2
storage and propellant management system design will be similar to that necessary for the
chemical vehicle. The demands placed on the avionics system for the NTR system are
similar to those for any high thrust system. Finally, in-space assembly issues should be
similar for the NTR and cryo/aerobraked vehicle, with the exception of the related nuclear
issues associated with the NTR.

The seven identified Lunar/Mars mission architectures verses the required
component technologies, enabling and enhancing, are shown on the next set of charts and
facing page text. Many of these component technology issues are common across the listed
architectures. These issues are for the entire integrated architectures, and do not necessarily
refer specifically to the NTR vehicle. The areas of multi-MW nuclear thermal energy
production, and high temperature fuel element materials are the primary areas of technology
development concern for the NTR option. Commonality to the initial cryogenic vehicles
could enhance the NTR as a growth option, while the near-term nature of the related
technologies would qualify it as an alternauve to a cryogenic/aerobraked mission.

Technology Development Concerns

As noted before, many of the identified critical and high leverage technology
development issues are common across all four major vehicle options. Common critical
technology issues include low-g human factors, autonomous system health monitoring,
long term cryogenic storage and management (H2, and possibly O2 for ECLSS), long
duration ECLSS, radiation shelter material and configuration, and in-space assembly.
Unique NTR technology issues include high temperature fuel element materials, high
power reactor advanced development, and reactor shielding. Enhancing technologies
include cryogenic refrigeration (lander tanks), O2-H2 RCS, advanced in-space assembly
techniques, and advanced structural materials development.
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NTR Vehicle Technology Requirements

Technology performance levels required for the NTR reference vehicle are outlined
in the next six charts. These are not intended to be the levels needed for a minimum NTR
vehicle, but serve mainly to document the levels required to accomplish the identified
reference mission profile with the vehicle model as configured. Changes to these
specifications would not necessarily affect the feasibility of a NTR mission, but would
change the reference vehicle configuration. The list also includes operational requirements
which could drive technology development or advanced development. An example of this
could be the required engine gimble angle which would drive reactor design.

NTR Technology Development Schedule

The final chart in this section is a proposed technology development schedule for
the nuclear electric propulsion option. The schedule shows that, given a FY ‘91 start, the
SEP vehicle could be ready for a Mars mission in the 2009 timeframe. A full scale decision
point is also highlighted during year 7. This is the point where a commitment should be
made for full scale funding and development of the program.
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Technology Development Concerns and Schedules - Nuclear Thermal
Propulsion (NTP)

Critical technology development issues relating to the reference NTP vehicle are
presented in this section. Where applicable, the same charts are also included in the CAB,
CAP, NEP, and SEP IP&ED documents. The focus of this section will be to bring out the
most important issues relating to the reference NTP vehicle, and to present preliminary
technology development schedules for these issues. The issues are presented here in outline
form.,b 1lx:ginning with the most important, with accompanying schedules wherever
possible.

pre

The schedule highlights both the point where a full scale development decision can be made
(year 5), and when the first flight article will be available to the vehicle program (year 14).
The largest single technology development challenge for the program will probably be test
facility design and development. The NERVA program nuclear tests were carried outin a
testbed facility open to the atmosphere. Any future test facility must be closed in order to
contain the fission products contained in the exhaust gasses. A scrubbing system must be
included to remove the fission products from the exhaust gas before it can be released into
the ammosphere. This facility may prove to be very costly to build and operate. Nuclear
thermal propulsion should offer a shorter development time than the other advanced
propulsion options (NEP, SEP), with significantly better performance than the chemical
options. The major reactor technology issues are high temperature fuels, efficient frit
design, fuel burnup, and nuclear safety issues.

Cryogenic Fluid Management

The large amounts of Hydrogen required for NTP Mars missions increases the
importance of technologies development relating to cryogenic fluid management and
storage. A preliminary technology schedule is presented for cryogenic fluid system
development for Mars mission applications. The cryogenic fluid systems schedule includes
Earth-based thermal control and selected component fluid management (tank pressure
control, liquid acquisition device effectiveness, etc.) tests, as well as planned flight
experiments to carry out system and subsystem development (selected components) and
verification/validation tests. Many of the technology issues will be answered during the
technology/advanced development work to be carried out for a Lunar program. The major
technology obstacles to be overcome by an NTP storage system are in the areas of tankage
mass minimization and large scale (relative to Lunar) storage systems development,
integration, and orbital/flight operations (fluid transfer, acquisition, etc.).

Vehicle Avionics and Software

Although the technology readiness level of vehicle avionics and software is ahead
of many of the other technology areas listed in some respects, the demands on the system
in the areas of processing rate, accuracy, autonomous operation, and status/health
monitoring will drive technology and advanced development in areas not fully defined at
this point. Software requirements cannot be fully determined until the vehicle designis ata
more finished stage than the current levels. A preliminary schedule for autonomous
systems development is presented. The decision points for full scale development The
communications system options can be more fully defined before a final vehicle design is
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produced, however. A technology development schedule for advanced communications is
presented.

Life Support

A reliable, redundant long term life support system will be enabling for future
exploration missions. The degree of closure of, and the reliability of the system are the
major technology development concerns. Low-g human factors determination will also be
an important technology consideration which will drive vehicle design. An integrated
schedule of the major areas of the life support technology development task are presented.
It includes radiation shiclding and materials, regenerative life support, and EVA systems
development. As before, the points where Lunar and Mars full scale development decisions
can logically be made in the technology program are highlighted.

Aerobraking (low energy)

Low energy aerobraking will offer mission benefits in the areas of decreased
demands on the descent propulsion system, and improved crossrange capability. This area
presents a variety of issues for technology development including high strength to mass
ratio structural materials, high temperature thermal protection systems (although not as high
as for high energy acrobraking), avionics, assembly and operations, hypersonic test
facilities and computer codes, and Mars atmosphere prediction. High strength structural
material options include metal matrix composite, organic matrix composite, and advanced
carbon-carbon elements. Other structural considerations include load distribution and
attachment of payload for aerocapture, and ETO launch and assembly of large structures.
Thermal protection systems issues include low mass ablative and reradiating materials, and
structure/TPS integration issues. The acrobrake maneuver will place considerable demands
on the vehicle avionics system with the need for real time trajectory analysis, and vehicle
guidance and control. The launch and assembly of the large aerobrake structure will present
ground and space assembly and ops problems which will require technology and advanced
development in both the areas of design and operations. Finally, computational analysis
and atmosphere prediction capability will be critical in the development of a man-rated
aerobrake for Mars use. A preliminary development schedule for Lunar and Mars aerobrake
technology development is presented. It includes the major milestones for both ground and
flight testing. The points where a Lunar and Mars full scale development decision can be
made are also highlighted on the schedule. It should be noted that this schedule was built
with high energy acrobraking in mind, and will possibly be compressed to some degree if
only low energy aerobraking is developed.

In-Space Assembly and Processing

The in-space assembly and processing of large space transfer vehicles will present a
variety of technology advanced development challenges, particularly for the large LTV and
MEYV acrobrakes. As shown on the accompanying schedule, extensive ground tests must
occur before any orbital work can be initiated. The vehicle designs will be driven to a large
degree by the assembly facilities and technologies seen as being available during the vehicle
buildup sequence.

Summary

As noted before, many of the identified critical and high leverage technology
development issues are common across all of the major vehicle options. Common critical
technology issues include low-g human factors, autonomous system health monitoring,
long term cryogenic storage and management (H2, and possibly O2 for ECLSS), long
duration ECLSS, radiation shelter material and configuration, and in-space assembly.
Unique NTP technology issues center around nuclear reactor and engine systems
development. Common enhancing technologies include cryogenic refrigeration (lander
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tanks), O2-H2 RCS, advanced in-space assembly techniques, higher Isp cryogenic
engines, and advanced structural materials development.
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Facilities

The facility needs have only been identified in this study; the extent of the impact is yet to
be determined. A "bona fide" facility development plan has not been done as some of the
requirements are only at a top-level needs evaluation. Therefore, the exact nature of the
subsystems and their support facilities arc undetermined. When these determinations have
been made for the final NASA selected vehicle, the results must be integrated with the
vehicle development schedule.

In addition to the information here, additional facility and equipment detail is shown in
Ground subsection of the Support Systems section of this text. A current listing of the
additional required facilities and equipment is shown in the "Special Ground and On-Orbit
Processing Facility and Equipment Requirements" chart for processing the advanced
vehicles. These requirements will impact the volumes shown for assembly, storage, and
launch processing in the "Facilities Requirements” chart as well as the processing time
shown in the "Assembly Time per Mission" chart. The information there is for the baseline
Cryo/Aerobrake vehicle. All impacts will be to increase the processing time and working
volumes required. Any facility requirements must be viewed in the light of and
incorporated into the National Launch Facility Plan.
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Facility Requirements

Assembly Volume |Storage Volume |Launch Processing

1 20694.13 0 0

2 20694.13 0 0

3 42233.11 0 0

4 56989.01 0 0

5 69879.77 10129.05 0

6 54623.87 10128.05 0

7 39222.88 _25031.66 4626.85

8 39222.88 25031.66 0

9 49351.93 14902.61 0
10 20694.13 25031.66 18528.75
11 20694.13 34296.04 0
12 _20694.13 34296.04 0
13 20694.13 _25031.66 9264.38|
14 39481.26 25031.66 0
15 39481.26 25031.66 0
16 0 25031.66 16912.13
17 18528.75 25031.66 0
18 18528.75 10128.05 0
19 0 _25031.66 18528.75
20 0 34296.04 0
21 0 34296.04 0
22 0 25031.66 9264.38
23 0 25031.66! 0
24 0 _25031.66 0
25 0 10128.05 14902.61
26 21207.95 10128.05 0
27 21207.95 30387.15 0
28 0 30387.15 21207.85
29 0 30387.15 10129.05
30 0 30387.15 10129.05
31 0 20258.1 10129.05
32 0 20258.1 10129.05|
33 0 _20258.1 10129.05]
34 0 20258.1 10129.05
35 0 10129.05 10129.05
36 0 10129.05 10129.05

D615-10026-3

-480



awn ], £ouadunuo)

awt ], Ajquiassy

1 - oy Qquoesy g ysuy

.a_af »3_53 feuty SINL

% uotssiy A|quidssy puz SpALL

uossIy a_anuu< _n_ SINL

_a_a_s_ ¥oms 210 SIAL L]

UOISSI aeIqOR

uoissi A[quiassy reutg A LN

éﬂ_

V AL un

UOISSIA 9v1qOIIY

| L
uoIssipy Ajquias

AW ety L]
SV [outy omz _.l._
uoIsSI IxrIqoIdY >mj U L]
UOISSIIN 9¥eIqORY AT [N _.l,_

$3|npojy puojAeg aoupng pus 1RIqe}] A LN

UIAIF Uo|sSIIAl
U3, uoyssy
N uopssjjy
W3y voyssiy
UIAIG UOISS) Al
X|S uojssjly
Al voyss)y
Inoy uojssyy
31y |, uogssjyl
OM ], UOISSHA}

uQ uojss|Al

0801

066 006 018

ocL

0e9

ovs 194

09¢

0Le

081

06

GOTSSTIA
0 e

06NNV WSIPAEVILS

)

UOISSIJAl Jod duil], A|quIdsSY

D615-10026-3



yue|q 33| Ajjeuopudjuj aded sy,

482

D615-10026-3



Costs

D615-10026-3 483

PREGEDING PAGE BLANK iiOT FILMED



Jue|q 1J3] L[jeuopuajuy aded spy .

484

- D615-10026-3



Nuclear Thermal Rocket
Programmatics

The objectives of the Programmatics task during the current phase of the study were: (1)
realistic initial schedules that include inital critical path program elements; (2) initial
descriptions of new or unique facilities requirements; (3) development of a stable, clear,
responsive work breakdown structure (WBS) and WBS dictionary; (4) initial realistic
estimates of vehicle, mission and program costs, cost uncertainties, and funding profile
requirements; (5) initial risk analysis, and (6) early and continuing infusion of
programmatics data into other study tasks to drive requirements/design/trade decisions.

The issues addressed during the study to date included: (1) capturing all potential long-lead
program items such as precursor missions, technology advancement and advanced
development, related infrastructure development, support systems and new or modified
facility construction, since these are as important as cost and funding in assessing goal
achievability; (2) incorporating sufficient operating margin in schedules to obtain high
probability of making the relatively brief Mars launch windows; (3) the work breakdown
structure must support key study goals such as commonality and (4) cost estimating
accuracy and uncertainty are recurring issues in concept definition studies.

Introduction

The study flow, as required by MSFC's statement of work, began with a set of strawman
concepts, introduced others as appropriate, conducted "neckdowns", and concluded with a
resulting set of concepts and associated recommendations.

As the study progressed, much discussion among the SEI community centered on
"architectures”. In this study, architectures were more or less synonymous with concepts,
since the statement of work required that each concept be fully developed including
operations, support, technology, and so forth.

We started with ten concepts as shown in the "Overall Study Flow" chart. After the
"neckdown" was completed, significant effort was put into Programmatics.
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As was indicated earlier, we established three levels of activity to evaluate in-space
transpontation options. The minimum was just enough to meet the President's objectives;
in fact "return to the Moon to stay" was interpreted as permanent facilities but not
permanent human presence. The minimum program had only three missions to Mars. The
median (full science) program aimed at satisfying most of the published science objectives
for Lunar and Mars exploration. The maximum program aimed for industrialization of the
Moon, for return of practical benefits to Earth, and for the beginnings of colonization of
Mars. The range of activity levels, as measured by people and materiel delivered to
planetary surfaces, was about a factor of 10. The range of Earth-to-orbit launch rates was
less, since we adopted results of preliminary trade studies, selecting more advanced in
space transportation technologies as baselines for greater activity levels. The high level
schedules developed for these three levels of activity are shown in the "Minimum Program,
"Full Science Program" and "Industrialization and Settlement Program” charts and a
comparison of them for both Lunar and Mars is shown in the "Lunar Program
Comparison" and "Mars Program Comparison" charts.

Schedule/Network Development Methodology

A PC system called Open Plan by WST Corporation was used, which allows direct control
and lower cost over a larger (mainframe) system. The network was purposely kept simple.
Summary activities were used in development of the networks. When detailed to a lower
level, some activities will require a different calendar than we used. One calendar with a
five day work week - no holiday was used. Utilizing multicalendars on a summary
network could confuse the development. The Preliminary WBS Structure Level 7 was
followed for selection of work to be detailed. An example of Level 7 is: MEV Ascent
Vehicle Structure/Mechanisms. We then developed a generic logic string of activities with
standard durations for like activities. This logic was then applied against each WBS Level
7 element. To establish interface ties between logic strings and determination of major
events, we used the Upper Level Summary Schedule and Summary Level Technology

Schedule.
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Goals/Purpose
There were two goals for the schedule/network development. These were:

a. Guidelines for Future Development. The schedules are a preliminary road map to
follow in the development program.

b. Layout Basis Framework for Network. The networks can be used for future detail
network development. This development can be in phases retaining unattended logic for
areas which can be be detailed.

Status
Six preliminary networks have been developed. They are:

- Lunar minimum

- Lunar full science

- Lunar industrialization
- Mars missions

- Mars full science

- Mars settlement

These networks will be further developed as information becomes available The technology
development plan schedules are shown in the Schedules section of this text; an example of
the standard 6 year program phase C/D schedule is shown in the "Reference 6 yr.. Full
Scale Development Program" chart. The network schedules developed during the study are
available in the Final Report Cost Data Book.

Facilities

The facility requirements and approaches are discussed in the Facilities section of this text.
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Development Implementation

The integrated technology advancement and full-scale development schedules for the NTR
is shown in the “NTR Development Program”. The MEV is developed according to the
above mentioned standard 6-year FSD schedule. The Man-rating schedules for critical
systems, that must be accomplished before first flight, are given in the next several man-
rating charts. The long-duration Mars Tansit Habitat, and its critical subsystems, will
require operational testing in space to qualify for the Mars mission. How all development
and testing is actually done depends on program interrelationships between lunar and Mars
missions.

Work Breakdown Structure

The approach to developing a WBS tree and dictionary was to use the Space Station
Freedom Work Package One WBS as a point of departure to capture commonality,
modularity and evolution potentials. We worked with MSEC to evolve the WBS illustrated
in the six WBS charts given in this section. The WBS dictionary details are provided with
the WBS tree in a separate deliverable document.

Cost Data
Overall Approach

Space transfer concept cost estimates were developed through parametric and detail
estimating techniques using program/scenario plans and hardware and software
descriptions combined with NASA and subcontractor data. Our estimating approach
simulates the acrospace development and production environment. It also reflects program
options not typical of acrospace programs. This flexibility allows assessment of innovative
program planning concepts.



Several tools were employed in this analysis. For developing estimates the Boeing
Parametric Cost Model (PCM) designed specifically for advanced system estimating was
used. It utilizes a company-wide, uniform computerized data base containing historical
data compiled since 1969. The second major tool is a Boeing developed Life Cycle Cost
Model. The third tool is the Boeing developed Return on Investment (ROI) Analyses.

The approach to cost estimating was to use the PCM to establish DDT&E and
manufacturing cost of major hardware components Or to use other estimates, (e.g. Nuclear
Working Group estimator) if they were considered superior and then feed them to the LCC
model. Variations on equipment hardware or mission alternatives can be run through the
LCC and then compared for a return on investment. This flow is illustrated in t "Costing
Methodology Flow" chart. We were able to investigate aiternative concepts quickly, giving
system designers more data for evolving scenario/mission responsive concepts.
Transportation concepts, trade studies, and "neckdown" efforts were supported by this
approach.

Parametric Cost Model

PCM develops cost from the subsystem level and builds upward to obtain total program
cost. Costs are estimated from physical hardware descriptions (e.g., weights and
complexities) and program parameters (e.g., quantides, learning curves, and integration
levels). Known costs are input directly into the estimate when available; the model
assesses the necessary system engineering and system test efforts needed for integration
into the program. The PCM working unit is man-hours, which allows relationships that de
physical hardware descriptions first to design engineering or basic factory labor, and then
through the organizational structure to pick up functional areas such as systems
engineering, test, and development shop. Using man-hours instead of dollars for
estimating relationships enables more reliable estimates. The PCM features, main inputs,
and results are shown in the "Boeing Parametric Cost Model (PCM)" chart. The applicable
PCM results, in constant 1990 dollars, are then put into the Life Cycle Cost Model to
obtain cost spreads for the various missions/programs. The various hardware components
costed for the three different missions/programs are shown in the "LCCM Hardware

Assignment " chart.
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The development of space hardware and components needed to accomplish the three
different Lunar/Mars missions were identified. These components are grouped into three
different categories defined below.

HLLV(Heavy Lift Launch Vehicle) is the booster required to lift personnel, cargo and
fuels into LEO and support the LEO node operations.

Propulsion Includes the space propulsion system required to transfer people, cargo and
equipment out of LEO and into space. Space means Lunar, Mars and Earth destinations.
Propulsion Systems also include an all-propulsive cryogenic Trans Mars Injection System
(TMIS) for the Minimum Mission, the Nuclear Electric Propulsion Stage for the
Settlement/Industrial Missions.

Modules Include the space systems that are required to transfer people, cargo and
equipment from LEO to Lunar and Mars orbit; to de-orbit and sustain life and operations on
the Lunar and Mars Surface; and, finally, to return personnel and equipment to LEO.

Cost Buildups

The PCM cost Model can be used directly to obtain complete DDT&E cost, including
production of major test articles, by entering into the manufacturing section the equivalent
numbers of units for each item, including the first flight article. However, when operated in
this'way, PCM does not give the first unit cost. To save time, we operated PCM so as to
give first unit cost, which we needed for life cycle cost analyses, and used the first unit cost
to manually estimate the test hardware content of the DDT&E program. The "wrap factors”
shown in the cost buildup sheets were derived from the PCM runs as the factor that is
applied to design engineering cost to obtain complete design and development costs, ¢.g.
including non-recurring items such as systems engineering and tooling development.

Life Cycle Cost Model

The LCCM cost data is a composite of HLLV costs, launch base facilities cost estimate
based on $/sq. ft. and parametric estimates derived from the Parametric Cost Model. The
principal source of information is from the PCM. All hardware cost estimates, with the
exception of HLLV, have been developed with this model.
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The LCCM consists of three individual models. One model is for the Minimum Program
Scale; the second is for the Full Science Program Scale; while the third model is for the
Settlement/Industrialization Program Scale. The Minimum Program meets the President's
Space Exploration Initiative (SEI) objectives. These capabilities include permanent Lunar
facilides but not permanent human presence and three missions to Mars. The Full Science
program not only meets the President's SEI objectives but also provides for long term
bases for far-ranging surface exploration. The Settlement/Industrialization program
accomplishes the objectives of the Minimum and Full Science program scales and
additionally returns practical benefits to Earth. These models were developed using the
three architecture levels described in the Boeing manifest worksheets. Total cost for each
system are tabulated by year and each year's totals feed into a summary sheet that calculates
the total program cost for each level. Since the LCCM results are mission related, not just
vehicle related, they are not provided here but are available in the Final Report Cost Data
Book. The LCCM was developed using Microsoft Excel version 2.2 for the Macintosh
computer. Any Macintosh equipped with Excel 2.2 can be used to execute the model.

Return On Investment

One of the principal uses of the LCCM is to develop trades and return on investment for
technology options. As shown in the " Costing Methodology Flow" chart, two separate
life cycle cost models (which include DDT&E and production cost data derived from the
parametric cost models ) must be developed for each ROI case; a reference, and a case
utilizing a technology option. The two life cycle cost streams are separately entered, and
the ROI mode! is executed. The flow also illustrates that not all of the data entered into the
life cycle cost model is derived from available costing software. Technical analysis must
accompany this data. For example, the number of units which must be produced for the
DDT&E program must be determined. This is done at the subsystem level based on
knowledge of past programs, and proposed system/subsystem tests. Since the ROI
analysis is mission related, not just vehicle related, the data is not presented here but is
available in the Final Report Costing Data Book.

Results

A summary of the cost data produced by the PCM for the NTR vehicle are given in the
“Mars NTR PCM Summary" and "Mars NTR PCM Summary - continued” charts. The
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PCM program was used to produce DDT&E and production cost estimates for each of our
reference Mars and lunar vehicles to the subsystem level. The DDT&E costs generated by
the PCM do not include all of the necessary hardware for the first mission vehicle. Hence
all necessary additional units (prototypes, test units, lab units, etc.) were added into the
vehicle cost buildups as shown in the "NTR Cost Buildup” charts . The total DDT&E
includes additional costs (e.g.. additional units in the DDT&E program), contractor fees
and the engineering wrap factor. The total DDT&E from the cost buildup and the unit cost
from the PCM are the primary vehicle cost inputs to the LCC model.
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Risk Analyses

Risk analyses were conducted to develop an initial risk assessment for the various
architectures. This presentation of risk analysis results considers development risk, man-
rating requirements, and several aspects of mission and operations risk.

Development Risk

All of the architectures and technologies investigated in this study incur some degree of
development risk; none are comprised entirely of fully developed technology.
Development risks are correlated directly with technological uncertainties. We identified
the following principal risks:

Cryo.genics - High-performance insulation systems involve a great many layers of mula-
layer insulation (MLI), and one or more vapor-cooled shields. Analyses and experiments
have indicated the efficacy of these, but demonstration that such insulation systems can be
fabricated at light weight, capable of surviving launch g and acoustics loads, remains to be
accomplished. In addition, there are issues associated with propellant transfer and zero-g
gauging. These, however, can be avoided for early lunar systems by proper choice of
configuration and operations, e.g. the tandem-direct system recommended elsewhere in this
report. This presents the opportunity to evolve these technologies with operations of initial
flight systems.

Engines - There is little risk of being able to provide some sort of cryogenic engine for
lunar and Mars missions. The RL- 10 could be modified to serve with littie risk; deep
throttling of this engine has already been demonstrated on the test stand. The risk of
developing more advanced engines is also minimal. An advanced development program in
this area serves mainly to reduce development cost by pioneering the critical features prior
to full-scale development.

Aecrocapture and aerobraking - There are six potential functions, given here in approximate
ascending order of development risk: aero dcsc‘ent and landing of crew capsules returning
from the Moon, aerocapture to low Earth orbit of returning reusable lunar vehicles, landing
of Mars excursion vehicles from Mars orbit, aero descent and landing of crew capsules
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returning from Mars, aerocapture 10 low Earth orbit of returning Mars vehicles, and
aerocapture to Mars orbit of Mars excursion and Mars transfer vehicles. The
"Development Risk Assessment for Aerobraking by Function” chart provides a qualitative
development risk comparison for these six functions.

Aerocapture of vehicles requires large aerobrakes. For these to be efficient, low mass per
unit area is required, demanding efficient structures made from very high performance
materials as well as efficient, low mass thermal protection materials. By comparison, the
crew capsules benefit much less from high performance structures and TPS.

Launch packaging and on-orbit assembly of large acrobrakes presents & significant
development risk that has not yet been solved even in a conceptual design sense. Existng
concepts package poorly or are difficult to assemble or both. While the design challenge
can probably be met, aerobrake assembly is a difficult design and development challenge,
representing an important arca of risk.

Nuclear thermal rockets - The basic technology of nuclear thermal rockets was developed
and demonstrated during the 1960s and early 1970s. The development risk to reproduce
this technology is minimal, except in testing as described below. Current studies are
recommending advances in engine performance, both in specific impulse (higher reactor
temperature) and in thrust-to-weight ratio (higher reactor power density). The risks in
achieving these are modest inasmuch as performance targets can be adjusted to technology
performance.

Reactor and engine tests during the 1960s jetted hot, slightly radioactive hydrogen directly
into the atmosphere. Stricter environmental controls since that time prohibit discharge of
nuclear engine effluent into the atmosphere. Design and development of full containment
test facilities presents a greater development risk than obtaining the needed performance
from nuclear reactors and engines. Full- containment facilities will be required to contain all
the hydrogen effluent, presumably oxidize it to water, and remove the radioactivity.

Electric Propulsion Power Management and Thrusters - Power management and thrusters
are common 1o any electric propulsion power source (nuclear, solar, or beamed power).
Unique power management development needs for electric propulsion are (1) minimum
mass and long life, (2) high power compared to space experience, i.e. megawatts instead of
kilowatts, (3) fast arc suppression for protection of thrusters. Minimizing mass of power
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distribution leads to high distribution voltage and potential problems with plasma losses,
arcing, and EMIL. Thus while power management is a mature technology, the unique
requirements of electric propulsion introduce a number of development risks beyond those
usually experienced in space power systems.

Electric thruster technology has been under development since the beginning of the space
program. Small thrusters are now operational, such as the resistance-heat-augmented
hydrazine thrusters on certain communications spacecraft. Small arc and ion thrusters are
nearing operational use for satellite stationkeeping.

Space transfer demands on electric propulsion performance place a premium on high power
in the jet per unit mass of electric propulsion system. This in turn places a premium on
thruster efficiency; power in the jet, not electrical power, propels spaceships. Spacé
transfer electric propulsion also requires specific impulse in the range 5000 to 10,000
seconds. Only ion thrusters )and magnetoplasmadynamic (MPD) arc thrusters can deliver
this performance. Ion thrusters have acceptable efficiency but relatively low power per unit
of ion beam emitting area. MPD thruster technology can deliver the needed Isp with high
power per thruster, but has not yet reached efficiencies of interest. Circular ion thrusters
have been built up to 50 cm diameter, with spherical segment ion beam grids. These can
absorb on the order of 50 kWe each. A 10 MWe system would need 200 operating
thrusters. The development alternatives all have significant risk: (1) Advance the state of
the art of MPD thrusters to achieve high efficiency; (2) Develop propulsion systems with
large numbers of thrusters and control systems; or (3) Advance the state of the art of ion
. thrusters to much larger size per thruster.

Nuclear power for electric propulsion - Space power reactor technology now under
development (SP-100) may be adequate; needed advances are modest. Advanced power
conversion systems are required to obtain power-to-mass ratios of interest. The SP-100
baseline is thermoelectric, which has no hope of meeting propulsion system performance
needs. The most likely candidates are the closed Brayton (gas) cycle and the potassium
Rankine (liquid/vapor) cycle. (Potassium provides the best match of liquid/vapor fluid
properties to desired cycle temperatures.) Stirling cycle, thermionics, and a high-
temperature thermally-driven fuel cell are possibilities. The basic technology for Brayton
and Rankine cycles are mature; both are in widespread industrial use. Prototype space
power Brayton and Rankine turbines have run successfully for thousands of hours in
laboratories. The development risk here is that these are very complex systems; there is no
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experience base for coupling a space power reactor to a dynamic power conversion cycle;
there is no space power experience base at the power levels needed; and these systems, at
power levels of interest for SEI space wransfer application, are large enough to require in-
space assembly and checkout. Space welding will be required for fluid systems assembly.

Solar power for space transfer propulsion - Solar power systems for space propulsion must
attain much higher power-to-mass ratios than heretofore achieved. This implies a
combination of advanced solar cells, probably multi-band-gap, and lightweight structural
support systems. Required array areas are very large. Low-cost arrays, e.g. $100/watt,
are necessary for affordable system costs, and automated construction of the large area
structures, arrays, and power distribution systems appears also necessary. Where the
nuclear electric systems are high development risk because of complexity and the lack of
experience base at relevant power levels and with the space power conversion technologies,
most of the solar power risk appears as technology advancement risk. If the technology
advancements can be demonstrated, development risk appears moderate.

Avionics and software - Avionics and software requirements for space transfer systems are
generally within the state of the art. New capability needs are mainly in the area of vehicle
and subsystem health monitoring. This is in part an integration problem, but new
techniques such as expert and neural systems are likely to play an important role.

An important factor in avionics and software development is that several vehicle elements
having similar requirements will be developed, some concurrently. A major reduction in
cost and integration risk for avionics can be achieved by advanced development of a
nstandard" avionics and software suite, from which all vehicle elements would depart.

Further significant cost savings are expected from advancements in software development
methods and environments.

Environmental Contol and Life Support (ECLS) - The main development risk in ECLS is
for the Mars transfer habitat system. Other SEI space transfer systems have short enough
opérating durations that shuttle and Space Station Freedom ECLS system derivatives will
be adequate. The Mars transfer requirement is for a highly closed physio-chemical system
capable of 3 years' safe and dependable operation without resupply from Earth. The
development risk arises from the necessity to demonstrate long life operation with high
confidence; this may be expensive in cost and development schedule.
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Man-Rating Approach

Man-rating includes three elements: (1) Design of systems to manned flight failure tolerance
standards, (2) Qualification of subsystems according to normal man-rating requirements,
and (3) Flight demonstration of critical performance capabilities and functions prior to
placing crews at risk. Several briefing charts follow: the first summarizes a recommended
approach and lists the subsystems and elements for which man-rating is needed;
subsequent charts present recommended man-rating plans.

Mission and Operations Risk

These risk categories include Earth launch, space assembly and orbital launch, launch
windows, mission risk, and mitigation of ionizing radiation and zero-g risks.

Earth launch - The Earth launch risk to in-space transportation is the risk of losing a
payload because of a launch failure. Assembly sequences are arranged to minimize the
impact of a loss, and schedules include allowances for one make-up launch each mission
opportunity. '

Assembly and Orbital Launch Operations - Four sub-areas are covered: assembly, test and
on-orbit checkout, debris, and inadvertent re-entry.

Assembly operations risk is reduced by verifying interfaces on the ground prior to launch
of elements. Assembly operations equipment such as robot arms and manipulators will
undergo space testing at the node to qualify critical capabilities and performance prior to
initiating assembly operations on an actual vehicle.

Assembly risk varies widely with space transfer technology. Nuclear thermal rocket
vehicles appear to pose minimum assembly risk; cryo/aerobraking are intermediate, and
nuclear and solar electric systems pose the highest risk.

Test and on-orbit checkout must deal with consequences of test failures and equipment
failures. This risk is difficult to quantify with the present state of knowledge. Indications
are: (1) large space transfer systems will experience several failures or anomalies per day.
Dealing with failures and anomalies must be a routine, not exceptional, part of the
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operations or the operations will not be able to launch space transfer systems from orbit; (2)
vehicles must have highly capable self-test systems and must be designed for repair,
remove and replace by robotics where possible and for ease of repair by people where
robotics cannot do the job; (3) test and on-orbit checkout will run concurrently with
propellant loading and launch countdowns. These cannot take place on Space Station
Freedom. Since the most difficult part of the assembly, test and checkout job must take
place off Space Station Freedom the rest of the job probably should also.

Orbital debris presents risk to on-orbit operations. Probabilities of collision are large for
SEI-class space transfer systems in low Earth orbit for typical durations of a year or more.
Shielding is mandatory. The shielding should be designed to be removed before orbital
launch and used again on the next assembly project.

Creation of debris must also be dealt with. This means that (1) debris shielding should be
designed to minimize creation of additional debris, especially particles of dangerous size,
and (2) operations need to be rigorously controlled to prevent an inadvertent loss of tools
and equipment that will become a debris hazard.

Inadvertent re-entry is a low but possible risk. Some of the systems, especially electric
propulsion systems, can have very low ballistic coefficient and therefore rapid orbital decay
rate. Any of the SEI space transfer systems will have moderately low ballistic coefficient
when not loaded with propellant. While design details are not far enough along to make a
quantitative assessment, parts of these vehicles would probably survive reentry to become
ground impact hazards in case of inadvertent reentry. For nuclear systems, it will be
necessary to provide special support systems and infrastructure to drive the probability of
inadvertent reentry to exwemely low levels.

Launch Windows - Launch windows for single-burn high-thrust departures from low Earth
orbit are no more than a few days because regression of the parking orbit line of nodes
causes relatively rapid misalignment of the orbit plane and departure vector. For lunar
missions, windows recur at about 9-day intervals.

For Mars, the recurrence is less frequent, and the interplanetary window only lasts 30 to 60
days. It is important to enable Mars launch from orbit during the entire interplanetary
window. Three-impulse Mars departures make this possible; a plane change at apogee of
the intermediate parking orbit provides alignment with the departure vector. Further
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analysis of the three-burn scheme is needed to assess penalties and identify circumstances
where it does not work.

Launch window problems are generally minimal for low-thrust (electric propulsion)
systems.

Mission Risk - Comparative mission risk was analyzed by building risk trees and
performing semi-quantitative analysis. The next chart presents a comparison of several
mission modes; after that are the risk trees for these modes.

Ionizing Radiations and Zero G - The threat from ionizing radiations is presented elsewhere
in this document. Presented here are the mitigating strategies for ionizing radiations and
Zero g.

Nuclear systems operations present little risk to flight crews. Studies by University of
Texas at Austin showed that radiation dose to a space station crew from departing nuclear
vehicles is very small provided that sensible launch and flight strategies are used. On-
board crews are protected by suitable shielding and by arrangement of the vehicle, i.e.
hardware and propellant between reactors and the crew and adequate separation distances.
After nuclear engines are shut off, radiation levels drop rapidly so that maneuvers such as
departure or return of a Mars excursion vehicle are not a problem. On-orbit operanons
around a returned nuclear vehicle are deferred until a month or two after shutdown, by
which time radioactivity of the engine is greatly reduced.

Reactor disposal has not been completely studied. Options include solar system escape and
parking in stable heliocentric orbits between Earth and Venus.

Crew radiation dose abatement employs "storm shelters" for solar flares, and either added
shielding of the entire vehicle or fast ransfers (or both) to reduce galactic cosmic ray
exposure. Assessments are in progress; wradeoffs of shielding versus fast trips have yet to
be completed. Expected impact for lunar missions is negligible and for Mars missions,

modest.
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LCCM Hardware Assignments
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